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TO THE EDITOR
We have previously reported that the
lifespan of primary human foreskin
keratinocytes (HFKs) in vitro is drama-
tically increased when grown on un-
treated, hydrophobic culture dishes
(Hasskarl et al., 2005). We now report
that under these conditions HFKs ex-
hibit decreased migration. Removal of
EGF, a potent mitogenic cytokine, from
the growth medium of cells growing on
standard tissue culture (TC) dishes can
mimic this phenotype and results in a
similar reduction of migration and
concomitant lifespan extension, identi-
fying EGF as a critical regulator of
cellular migration in HFKs.
Extended proliferative potential of HFKS
grown on hydrophobic culture dishes
correlates with a colony-like growth
pattern and decreased migration
HFKs grown on untreated, hydrophobic
culture dishes exhibit a dramatically
extended lifespan (Hasskarl et al.,
2005). In the course of these experi-
ments, we observed that HFKs grown
under such conditions exhibit distinct
cellular growth patterns (Figure 1a).
Starting at around passage number 5,
cells on standard TC dishes were
growing evenly dispersed, whereas
cells grown on hydrophobic plates
formed cell clusters (Figure 1a). This
led us to hypothesize that the growth
substratum might alter the migration
potential of HFKs, and that the ex-
tended growth of HFKs under these
conditions might be linked to decreased
cellular migration. To test the migratory
properties of HFKs on the different
surfaces, we analyzed migration in
response to wounding (Li et al., 2000)
(Figure 1b). Cells on standard dishes
efficiently migrated into the cleared site
and the ‘‘wound’’ was fully closed at
48 hours (712 hours) after wounding.
In contrast, keratinocytes on hydrophobic
dishes showed decreased migration to
the site of ‘‘injury’’. Although the defect
was closed at 96 hours (718 hours)
after wounding, it appeared that this
was mostly due to proliferation, not
migration of remaining cells.
Withdrawal of EGF from culture medium
inhibits cellular migration of hfks in vitro
EGF is physiologically expressed in
human epithelial tissues, contributes to
cellular migration in vitro and in vivo,
and drives tumor progression and in-
vasive and metastatic growth (reviewed
by Wells et al., 2002). The influence of
EGF on the migratory properties of
HFKs grown on hydrophobic or stan-
dard TC plates was assessed using a
Boyden’s chamber assay. These experi-
ments confirmed that EGF acts as a
chemoattractant for HFKs, and that it
can enhance cellular migration toward
haptotactic stimuli in vitro (Figure 1c
and Figure S1). Addition of EGF-con-
taining medium to the lower well or
both wells dramatically increased the
migration of HFKs onto laminin-coated
membranes. In contrast, cells exposed
to a negative EGF gradient (i.e. no EGF
in the lower chamber) showed mark-
edly decreased migration (Figure 1c).
Inhibition of migration by EGF with-
drawal extends the proliferative lifespan
of HFKS
EGF withdrawal from the culture med-
ium of HFKs grown on standard TC
dishes resulted in a colony-like growth
pattern reminiscent of HFKs growing on
hydrophobic plates with an increase of
colonies and a concomitant decrease in
single cells (Figure 2a). To evaluate the
effect of EGF on the proliferative
potential of HFKs, cells were serially
passaged in the absence or presence of
EGF as previously described (Hasskarl
et al., 2005). When grown on standard
TC dishes, HFKs cultured in EGF-free
medium showed a markedly prolonged
lifespan compared to cells growing in
EGF-containing medium (Figure 2b).
In contrast, EGF withdrawal did not
significantly alter the growth characteri-
stics or lifespan of cells grown on
hydrophobic dishes.
P16INK4A plays an important role in
the control of proliferation and stress-
induced senescence and may represent
a surrogate marker for TC stress (Zhu
et al., 1998; Ramirez et al., 2001;
Herbert et al., 2002; reviewed by
Lundberg et al., 2000). P16INK4A was
highly expressed in HFKs grown on
standard TC dishes in EGF-free medium
at passage number 5 (Figure 2c),
suggesting early proliferative arrest. In
contrast, p16INK4A levels were markedly
lower when analyzed in matched cells
grown on TC dishes in the absence of
EGF (Figure 2c). As reported previously
(Hasskarl et al., 2005), p16INK4A levels
were similarly low in matched passage
5 keratinocytes grown on hydrophobic
culture dishes. This further supports our
hypothesis that cellular migration might
drive p16INK4A-mediated cellular senes-
cence and that inhibition of migration
can increase the proliferative potential
of primary human keratinocytes in vitro.
Based on our findings, we propose
that migration and proliferation are
inversely related (Figure S2). This model
is consistent with an earlier report
(Geimer and Bade, 1991) that showed
that EGF, in addition to being a promi-
gratory stimulus, can induce a transient
inhibition of DNA synthesis in rat liver
epithelial cells. The authors suggested
that ‘‘for rat liver epithelial cells the
induction of migration by EGF has
priority over cell proliferation’’ (Geimer
and Bade, 1991). This was also observed
in mammary epithelial cells (Price et al.,
1999). The important role for the EGF-
like growth factor (HB-EGF) in cellular
migration during wound healing has
recently been confirmed in a mouse
model (Shirakata et al., 2005). These
authors concluded that ‘‘HB-EGF is the
predominant growth factor involved
in epithelialization in skin wound
healing in vivo and that it functions by
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accelerating keratinocyte migration,
rather than proliferation’’. Similarly, the
higher proliferative capacity of primary
human keratinocytes in EGF-depleted
medium (Figure 2b) and on hydrophobic
plates might be a consequence of
decreased migration. Our results sup-
port a model where cells growing under
conditions supporting high motility may
undergo p16INK4A-mediated premature
senescence.
A similar concept has also been
proposed for multipotent keratinocyte
stem cells residing in the bulge region of
murine hair follicles (Oshima et al.,
2001). Stem cells migrate form the bulge
regions to the hair bulb during the hair
cycle. While these cells are actively
migrating they do not form colonies,
but when these cells reach their destina-
tion they cease migration and form
colonies (Oshima et al., 2001). Simi-
larly, Fiona Watt’s group reported
higher motility and scattered growth
of transit amplifying cells and a
more compact, colony-like growth of
HFK stem cells on collagen (Jensen
et al., 1999), and that maintenance of
stem cell clusters requires intact cell–-
cell adhesion (Legg et al., 2003). In
summary, our in vitro model supports
the notion that precursor cells are
maintained within cell clusters, presum-
ably by specific cell–cell contacts, that
they can support long-term colony
growth, and that increased migration
decreases their overall proliferative
potential.
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SUPPLEMENTARY MATERIAL
Materials and Methods.
Figure S1. Boyden’s chamber assay: Representa-
tive photomicrographs of migrated HFKs at  40
magnification.
Figure S2. Migration and proliferation of primary
human keratinocytes are inversely related.
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Figure 1. (a) Photomicrographs of HFKs growing on standard TC dishes or hydrophobic dishes (HO) at
passage number 5. A representative picture is shown (Bar¼ 50mm). (b) Post-wounding migration assay:
Primary human keratinocytes derived from the same donors and at identical passage numbers were
plated onto hydrophobic (HO) or standard TC dishes. Shortly before the cells became confluent, the
single cell layer was ‘‘wounded’’ with a sterile plastic pipette tip. Cell migration into the wound was
observed and photographed. Pictures shown were taken at 0 and 48 hours after wounding (Bar¼100 mm).
(c) Boyden’s chamber assay: Median number of cells that migrated onto the bottom side of the
membrane. Cells were seeded onto the upper well of a Transwell chamber (pore size 8mm) coated with
laminin, vitronectin, or H2O with the indicated concentrations of EGF. U: upper chamber; L: lower
chamber; þ : 5 ng/ml EGF in medium; : no EGF in medium. For detailed description, see Materials and
Methods in Supplementary material.
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Figure 2. Influence of migration on proliferation. (a) Comparison of growth patterns of HFKs on standard
TC dishes in the presence or absence of EGF on standard TC plates or hydrophobic plates. Representative
pictures are shown. Bar graph: Average number of colonies (X10 cells/colony) per visual field7SD from
three independent experiments (Bar¼ 50mm). (b) Long-term growth capacity of primary HFKs on different
surfaces with or without EGF. HFKs were passaged every 3 days and plated back at 3 105 cells per
10 cm dish on the indicated culture dishes (HO: hydrophobic; TC: standard tissue culture; þ : medium
containing 5 ng/ml EGF; : no EGF). Averages of three independent experiments with different pooled
keratinocyte populations are shown. K: cells on hydrophilic plates in the presence of EGF; J: cells on
hydrophilic plates in the absence of EGF;~: cells on hydrophobic plates in the presence of EGF;B: cells
on hydrophobic plates in the absence of EGF. (c) Analysis of p16INK4A expression in primary HFKs grown
in the presence or absence of EGF. Keratinocyte lysates were analyzed by immunoblotting using a
p16INK4A-specific antibody and an anti-actin antibody as loading control as indicated. HO: cells growing
on hydrophobic dishes; TC: cells growing under standard TC conditions at passage number 5. For
detailed description, see Materials and Methods in Supplementary material.
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